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Abstract 
The shift current and the circular current can generate charge currents under light illumination 
via nonlinear optical (NLO) interaction, and are called bulk photovoltaic effect (BPVE) and the 
circular photogalvanic effect (CPGE), respectively. In this work, we reveal that the similar 
mechanisms can be applied to spin currents and demonstrate a unified picture of NLO charge and 
spin currents generation. We show that in some cases, the net charge current is zero due to 
symmetry constraints, but there are still hidden carrier movements, which can be measured if the 
spin degree of freedom is considered and can lead to a hidden pure spin current. Symmetry analysis 
reveals that the NLO spin current can be generated under both linearly and circularly polarized 
light in any non-centrosymmetric materials regardless of whether time reversal symmetry 
(magnetism) exists or not. And a pure spin current can be realized if the system possesses 
additional mirror symmetry or inversion-mirror symmetry. We apply our theory to several distinct 
material systems with easy optical accessibility, namely, two-dimensional transition metal 
dichalcogenides (TMD), anti-ferromagnetic MnBi2Te4  (MBT), and the surface states of 
topological material SnTe. The spin current conductivity is found to be gigantic, often exceeding 
BPVE. Such bulk spin photovoltaic effect (BSPE) could find wide applications in energy efficient 
and ultrafast spintronic devices.   
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Introduction. Electronics, which utilizes the charge degree of freedom of electrons, has 
revolutionized human civilization. Beside charge, spin is yet another intrinsic degree of freedom 
of electrons that can be exploited. Spintronics1,2 is a promising candidate for next generation 
energy-efficient devices and other novel applications such as quantum computing3,4 and 
neuromorphic computation5. One of the core challenges6 of spintronics is the generation of the 
spin current, and particularly, a pure spin current without an accompanying charge current. Until 
now, there have been a few approaches, such as the interconversion between charge and spin 
currents by (inverse) spin galvanic effect7,8 or (inverse) spin Hall effect9–12, and the interconversion 
between thermal and spin currents by spin Seebeck effect13,14 or spin Nernst effect15,16, etc. These 
approaches require mechanical or electrical contact and patterning, and the response time is usually 
on the order of nanoseconds and above. These issues can be resolved with optical approaches, 
which do not require direct contact and are noninvasive, and can enable ultrafast response time on 
the order of picoseconds and below. Actually, several optical approaches for generating spin 
current have been proposed. However, these approaches usually require the breaking of time 
reversal symmetry 𝒯, either by the circularly polarized light (CPL), or by the material system itself 
(e.g., magnetic materials). For example, CPL can selectively couple with spin-up and down states 
in quantum wells17, quantum interfering18,19 or spin-valley locked systems20, and the imbalanced 
population of spin up and down states could lead to a spin photocurrent. It has also been proposed 
that in 𝒯-broken material systems, a linearly polarized light (LPL) can generate a spin current with 
the shift-current mechanism21,22. Although some progress has been made, generation of spin 
current under light is still in its infancy. In particular, it is highly desirable to have new mechanisms 
applicable to a broader family of materials, preferably without any stringent requirements on the 
material itself such as broken 𝒯, or any external manipulations such as quantum interference. 
In this work, we propose a bulk spin photocurrent induced by a nonlinear optical (NLO) effect, 
which is applicable to both LPL and CPL. Also, such an NLO spin current requires only the 
breaking of inversion symmetry 𝒫, and is regardless of 𝒯. Therefore, it can be obtained in typical 
nonmagnetic semiconductors such as GaAs under LPL. Actually, this NLO spin photocurrent is 
the cousin of the bulk photovoltaic effect (BPVE) and the circular photogalvanic effect (CPGE) 
for charge current generation under light. The BPVE, or the shift current, has potential applications 
in energy harvesting and photon detection, while the CPGE, also known as the circular current or 
the injection current, is under intensive research as well23–27. The shift and injection mechanisms 
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are widely studied, but by far the attention is mainly on the charge current, while the spin current 
has long been neglected. Certainly, when the charge flows under light, the spin associated with the 
carriers are moving as well, thus a spin current should be generated together with the charge current. 
In some situations, the charge current may vanish due to symmetry constraints, but this does not 
indicate that carriers are frozen in materials. Instead, the carriers are still moving and there can be 
a nonzero spin current. Therefore, the hidden carrier movements can be revealed by the pure spin 
current. A generic picture here is that electrons with opposite spin polarizations travel in the 
opposite directions, so that the net charge current is vanishing while the net spin current is nonzero 
(Figure 1). From a different point of view, the electronic structure hidden in the nonlinear charge 
current could be uncovered when the spin degree of freedom is considered. Compared with other 
hidden physical effects that are hidden in real space, such as hidden spin polarization28,29, the 
hidden current is actually hidden in the reciprocal space (𝒌-space). And the spin current could also 
be used to detect other hidden physical effects.  
In order to demonstrate and evaluate the NLO spin current, we introduce a unified theory on 
NLO spin and charge currents generation and derive the general formula to calculate the 
conductivity. From symmetry analysis, we conclude that the generation of NLO spin current 
requires only 𝒫 breaking, regardless of 𝒯. Furthermore, provided with mirror symmetry ℳ or 
Figure 1. A schematic illustration of pure spin and charge current. The light 
polarizes in the 𝑥 direction, while the system has mirror symmetry ℳ𝑥. In the 
𝑥 direction, spin up and down states travel in opposite directions, so that the net 
charge current is vanishing, whereas the net spin current goes to the 
+𝑥 direction. In the 𝑦 direction, spin up and down electrons travel in the same 
direction, leading to non-vanishing charge current but vanishing spin current.  
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inversion-mirror symmetry 𝒫ℳ, a pure spin current can be realized, which is highly desirable for 
energy-efficient spintronics. We apply ab initio calculations to illustrate our theory in several 
distinct materials systems with easy optical accessibility, including nonmagnetic 2D transition 
metal dichalcogenides (TMD), anti-ferromagnetic (AFM) MnBi2Te4  (MBT), and the surface 
states of a topological insulating material SnTe. The results also indicate that the NLO spin current 
conductivity can be gigantic, that is even larger than the corresponding BPVE / CPGE charge 
current in the same system (in the sense of equivalating 
ℏ
2
= 𝑒).  We call this the Bulk Spin 
Photovoltaic Effect (BSPE). The BSPE mechanism is predicted to be an efficient way for spin 
current generation. Furthermore, spin current with arbitrary spin polarization can be realized, 
providing great flexibility for spintronics applications.   
General Theory and Symmetry Analysis. The NLO charge or spin current under light with 
frequency 𝜔 can be expressed as  
 𝐽𝑎,𝑠
𝑖
= ∑ 𝜎𝑏𝑐
𝑎,𝑠𝑖(0; Ω, −Ω)𝐸𝑏(Ω)𝐸𝑐(−Ω)
Ω=±ω
 
(1) 
Here 𝑎, 𝑏, 𝑐 are Cartesian indices and 𝑎 indicates the direction of the current, while 𝑏 and 𝑐 are the 
polarization of the incident optical electric field. 𝐸(𝜔) is the Fourier component of the electric 
field at angular frequency 𝜔 . 𝜎𝑏𝑐
𝑎,𝑠𝑖
 is the NLO conductivity. 𝑠𝑖  with 𝑖 = 𝑥, 𝑦, 𝑧  is the spin 
polarization, while 𝑠0 represents charge current. The spin and charge are in the unit of angular 
momentum 
ℏ
2
 and electron charge 𝑒, respectively. In order to compare the charge and spin current 
conductivity values directly, we divide the spin current conductivity by a factor of 
ℏ
2𝑒
 30. We 
derived the formula for 𝜎𝑏𝑐
𝑎,𝑠𝑖
 from quadratic response theory31,32 (see Supplementary Materials, 
SM). Within the independent particle approximation, the conductivity can be expressed as  
 𝜎𝑏𝑐
𝑎,𝑠𝑖(0; 𝜔, −𝜔) 
= −
𝑒2
ℏ2𝜔2
Re {∫
d𝒌
(2𝜋)3
∑ 𝜙𝑏𝑐
𝑓𝑙𝑚𝑣𝑙𝑚
𝑏
𝜔𝑚𝑙 − 𝜔 + 𝑖/𝜏
(
𝑗𝑚𝑛
𝑎,𝑠𝑖𝑣𝑛𝑙
𝑐
𝜔𝑚𝑛 + 𝑖/𝜏
−
𝑣𝑚𝑛
𝑐 𝑗𝑛𝑙
𝑎,𝑠𝑖
𝜔𝑛𝑙 + 𝑖/𝜏
)
𝑚𝑛𝑙
} 
(2) 
Here the explicit 𝒌-dependence of the quantities are omitted. 𝑓𝑙𝑚 = 𝑓𝑙 − 𝑓𝑚 and 𝜔𝑙𝑚 = 𝜔𝑙 − 𝜔𝑚 
are the difference between occupation number and band energy between bands 𝑙 and 𝑚. 𝑣𝑛𝑙 =
⟨𝑛|𝑣|𝑙⟩ is the velocity matrix element, while 𝜏 is the carrier lifetime and is set as 0.2 ps in the 
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following. 𝑗𝑎,𝑠
𝑖
 with 𝑖 ≠ 0 is the spin current operator, defined as33 𝑗𝑎,𝑠
𝑖
=
1
2
(𝑣𝑎𝑠𝑖 + 𝑠𝑖𝑣𝑎). Here 
𝑠𝑖 =
ℏ
2
𝜎𝑖  is the spin operator with 𝝈 as the Pauli matrices. Note that if we define 𝑠0 = 𝑒, then 𝑗𝑎,𝑠
0
 
would indicate the charge current. 𝜙𝑏𝑐 is the phase difference between 𝐸
𝑏 and 𝐸𝑐, and LPL and 
CPL correspond to 𝜙𝑏𝑐 = 1  and 𝜙𝑏𝑐 = ±𝑖 , respectively. Because the direct spin and charge 
current 𝐽𝑎,𝑠
𝑖
 should be a real quantity, the real (imaginary) part of 𝜎𝑏𝑐
𝑎,𝑠𝑖
 corresponds to the 
conductivity under LPL (CPL). The relation between Eq. (2) and the shift and injection 
mechanisms for current generation will be discussed in detail later. Note the Eq. (2) does not treat 
spin up and down states separately21,34 and can deal with arbitrary spin polarization under spin-
orbit coupling (SOC). In practice, the Brillouin zone (BZ) integration in Eq. (2) is carried out by 
𝑘-mesh sampling with ∫
𝑑𝑘
(2𝜋)3
=
1
𝑉
∑ 𝑤𝑘𝑘 , where 𝑉 is the volume of the simulation cell in real 
space and 𝑤𝑘 is weight factor. However, for 2D materials, the definition of volume 𝑉 is ambiguous, 
because the thickness of 2D materials is ambiguously defined35. Thus, we replace volume 𝑉 with 
the area 𝑆, and the 2D and 3D conductivity satisfy 𝜎2D = 𝐿𝜎3D, where 𝐿 is an effective thickness 
of the material.  
Next, we consider symmetry constraints on the conductivity tensor. First we note that the 
numerators are composed of terms with format 𝑁𝑖𝑎𝑏𝑐 = 𝑠𝑖𝑣𝑎𝑣𝑏𝑣𝑐 . Under spatial inversion 
operation 𝒫,  one has 𝒫𝑣𝑎(𝒌) = −𝑣𝑎(−𝒌) and 𝒫𝑠𝑖(𝒌) = 𝑠𝑖(−𝒌) . Thus 𝒫𝑁𝑖𝑎𝑏𝑐(𝒌) =
−𝑁𝑖𝑎𝑏𝑐(−𝒌), and all components (including charge and spin) of 𝜎𝑏𝑐
𝑎,𝑠𝑖
 should vanish after the BZ 
integration in 𝒫-conserved systems. Therefore, the inversion symmetry 𝒫 has to be broken to have 
nonvanishing 𝜎𝑏𝑐
𝑎,𝑠𝑖
. Regarding time reversal operation 𝒯 , one has 𝒯𝑣𝑎(𝒌) = −𝑣𝑎∗(−𝒌)  and 
𝒯𝑠𝑖(𝒌) = −𝑠𝑖∗(−𝒌)  (Here ∙∗  indicates complex conjugate of ∙ ). For charge current, one has 
𝒯𝑁0𝑎𝑏𝑐(𝒌) = −𝑁0𝑎𝑏𝑐∗(−𝒌). Thus, only the imaginary part of 𝑁0𝑎𝑏𝑐(𝒌) contributes to the total 
charge conductivity after BZ integration in a 𝒯-conserved system. On the other hand, for spin-𝑖 
current, one has 𝒯𝑁𝑖𝑎𝑏𝑐(𝒌) = 𝑁𝑖𝑎𝑏𝑐∗(−𝒌), thus it is the real part of 𝑁𝑖𝑎𝑏𝑐(𝒌) that contributes to 
the total spin conductivity. Note that for both charge and spin current, 𝒯 does not need to be broken. 
Generally speaking, spin and charge currents should be generated simultaneously in the absence 
of 𝒫. However, as we will show in detail later, a pure spin current can be realized if the system 
possesses mirror symmetry ℳ𝑑  or inversion-mirror symmetry 𝒫ℳ𝑑 . The behavior of several 
physical quantities under symmetry operations are summarized in Table 1.  
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In order to illustrate this theory, we investigate three typical but distinct material systems in 
the following: (1) a monolayer transition metal dichalcogenides (MoS2) which is 𝒫-broken but 𝒯-
preserved; (2) an antiferromagnetic bilayers MnBi2Te4 which is 𝒫 - and 𝒯 -broken but 𝒫𝒯 -
preserved; (3) surface state of a topological material (001-surface of SnTe) which has ℳ𝑥 and  ℳ𝑦 
but 𝒫-broken. We only show the NLO charge and spin current under LPL, while the responses to 
CPL can be found in the SM.  
Table 1 The behavior of physical quantities under symmetry operations. Here ⋅̃ indicates ⋅ obtained on the  𝒫𝒯 partner 
state, which is degenerate in energy with the original state. [𝑑; 𝑎𝑏𝑐] is −1 if there are odd numbers of 𝑑 within 𝑎, 𝑏 
and 𝑐 and is +1 otherwise. For example, [𝑥;  𝑥𝑥𝑥] = −1 while [𝑥; 𝑥𝑥𝑦] = 1. 𝒌′ = ℳ𝑑𝒌 is the mirror image of 𝒌, 
that is, only the 𝑑-th component of 𝒌 is flipped.  
 𝑣𝑎(𝒌) 𝑠𝑖(𝒌) 𝑁0𝑎𝑏𝑐(𝒌) 𝑁𝑖𝑎𝑏𝑐(𝒌) 
𝒫 −𝑣𝑎(−𝒌) 𝑠𝑖(−𝒌) −𝑁0𝑎𝑏𝑐(−𝒌) −𝑁𝑖𝑎𝑏𝑐(−𝒌) 
𝒯 −𝑣𝑎∗(−𝒌) −𝑠𝑖∗(−𝒌) −𝑁0𝑎𝑏𝑐∗(−𝒌) 𝑁𝑖𝑎𝑏𝑐∗(−𝒌) 
𝒫𝒯 ?̃?𝑎∗(𝒌) −?̃?𝑖∗(𝒌) ?̃?0𝑎𝑏𝑐∗(𝒌) −?̃?𝑖𝑎𝑏𝑐∗(𝒌) 
ℳ𝑑 (−1)𝛿𝑑𝑎𝑣𝑎(𝒌′) −(−1)𝛿𝑑𝑖𝑠𝑖(𝒌′) 
[𝑑; 𝑎𝑏𝑐]  
× 𝑁0𝑎𝑏𝑐(𝒌′) 
−(−1)𝛿𝑑𝑖  [𝑑; 𝑎𝑏𝑐] 
× 𝑁𝑖𝑎𝑏𝑐(𝒌′) 
𝒫ℳ𝑑 −(−1)𝛿𝑎𝑏𝑣𝑎(−𝒌′) −(−1)𝛿𝑑𝑖𝑠𝑖(−𝒌′) 
−[𝑑; 𝑎𝑏𝑐]   
× 𝑁0𝑎𝑏𝑐(−𝒌′) 
(−1)𝛿𝑑𝑖  [𝑑; 𝑎𝑏𝑐] 
× 𝑁𝑖𝑎𝑏𝑐(−𝒌′) 
 
Monolayer Transition Metal Dichalcogenide. 2H phase TMDs, which lacks 𝒫, are well 
studied 2D materials that possess many exotic electronic and optical properties. Particularly, 
monolayer TMDs exhibit Zeeman type spin splitting due to the in-plane anisotropy. This could be 
understood with the effective magnetic field interacting with electron spins, which can be 
expressed as 𝐵eff =
1
2𝑚e𝑐2
𝒑 × 𝛁𝑉, where 𝒑 is the momentum and 𝛁𝑉 is the potential gradient. 𝑚e 
is the electron mass and 𝑐 is the speed of light. For 2D materials, 𝒑 is always in the in-plane (𝑥-𝑦) 
direction. On the other hand, since monolayer TMDs has a horizontal mirror plane ℳ 𝑧, the out-
of-plane component of potential gradient 𝛁𝑉 is tiny. As a result, 𝐵eff is mainly along the out-of-
plane direction, leading to the Zeeman type spin splitting. These arguments are verified by the BZ 
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distribution of the spin-𝑧  component 𝑠𝑚𝑚
𝑧 (𝒌) = ⟨𝑚𝒌|𝜎𝑧|𝑚𝒌⟩ from ab initio calculations with 
SOC. Figures 2(a) and 2(b) show 𝑠𝑚𝑚
𝑧 (𝒌) for the highest valence band and the lowest conduction 
band of MoS2, respectively. One can see that 𝑠𝑚𝑚
𝑧 (𝒌) ≅ ±1 for nearly all 𝑘-points. Also, 𝑠𝑚𝑚
𝑧 (𝒌) 
is valley-dependent and is opposite near the 𝐾 and 𝐾′ valleys, which is the spin-valley locking36,37. 
We take monolayer 2H MoS2 as an example to calculate the NLO spin current. The atomic 
structure of MoS2 (space group 𝑃6̅𝑚2 ) is shown in the inset of Figure 2(e), which is invariant 
under ℳ𝑥 and ℳ 𝑧. Here we need to examine constraints on NLO spin or charge current from 
mirror symmetry ℳ𝑑. The polar vector 𝑣𝑎 satisfies ℳ𝑑𝑣𝑎(𝒌) = (−1)𝛿𝑑𝑎𝑣𝑎(𝒌′), where 𝒌′ is the 
image of 𝒌 under ℳ𝑑 (only the 𝑑-th component flip its sign), whereas the axial vector 𝑠𝑖 should 
satisfy ℳ𝑑𝑠𝑖(𝒌) = −(−1)𝛿𝑑𝑖𝑠𝑖(𝒌′) . Therefore, one has ℳ𝑑𝑁0𝑎𝑏𝑐(𝒌) = −𝑁0𝑎𝑏𝑐(𝒌′)  when 
there are odd number of 𝑑 within 𝑎, 𝑏 and 𝑐, and the charge current should vanish in this case. For 
Figure 2 NLO spin current of MoS2 (a-b) The spin-𝑧 component 𝑠𝑚𝑚
𝑧 (𝒌) over the BZ for the (a) highest valence 
band and (b) lowest conduction band of MoS2. Nearly all 𝑘-points have 𝑠𝑚𝑚
𝑧 (𝒌) ≅ ±1. The spin-valley locking can 
also be seen. (c-d) 𝑘-specified contribution to the total photoconductivity 𝜎𝑥𝑥
𝑥𝑠𝑧 and 𝜎𝑥𝑥
𝑥𝑠0 . The black boxes in (a-d) 
indicate 𝐾 and 𝐾′ points. (e-f) The NLO spin-𝑧 and charge conductivity. The complementary behavior is clearly 
observable: the spin and charge currents are in perpendicular directions. Inset of (e): the atomic structure of MoS2.   
8 
 
example, when the system has ℳ𝑥, then 𝜎𝑥𝑥
𝑥,𝑠0  and 𝜎𝑦𝑦
𝑥,𝑠0  should vanish. On the other hand, if 𝑑 ≠
𝑖, the spin-𝑖 current should vanish when there are even number of 𝑑 within 𝑎, 𝑏 and 𝑐, because the 
ℳ𝑑  operation on 𝑠𝑖  contributes to an additional sign change. Therefore,  𝜎𝑥𝑥
𝑥,𝑠𝑧
 and 𝜎𝑦𝑦
𝑥,𝑠𝑧  could 
exist in the presence of ℳ𝑥. Due to the opposite behavior of 𝑁0𝑎𝑏𝑐 and 𝑁𝑖𝑎𝑏𝑐 under ℳ𝑑, a pure 
spin current can be generated if the system possesses ℳ𝑑. 
The NLO spin and charge conductivity of monolayer 2H MoS2 under different light 
polarizations are shown in Figure 2(e-f). One can see that with in-plane polarized light, the nonzero 
conductivities are complementary for spin and charge currents. In detail, under the 𝑥-polarized 
light, the charge current is along 𝑦 -direction (𝜎𝑥𝑥
𝑥,𝑠0 = 0  and 𝜎𝑥𝑥
𝑦,𝑠0 ≠ 0), whereas the spin-𝑧 
currents is along the 𝑥-direction (𝜎𝑥𝑥
𝑥,𝑠𝑧 ≠ 0 and 𝜎𝑥𝑥
𝑦,𝑠𝑧 = 0). This indicates that there are indeed 
carriers moving along the 𝑥-direction, but spin up and spin down electrons are moving oppositely 
(along 𝑥 and −𝑥), so they compensate with each other and the net charge flux is zero. However, 
there is a net spin current. Along 𝑦 direction, the spin up and spin down carriers move together, 
leading to zero spin current (Figure 1). Similar effects occur as well in the case of 𝑦-polarized light. 
These results are consistent with the symmetry analysis above. Interestingly, the spin- 𝑧 
conductivity can be larger than the charge conductivity (in the sense of equivalating 
ℏ
2
= 𝑒), 
indicating that the hidden carrier movements are actually rapid. We also plot the 𝑘-specified 
contribution to the total conductivity, defined as 𝐼𝑏𝑐
𝑎,𝑠𝑖(𝜔, 𝒌) = ∑
𝑓𝑙𝑚𝑣𝑙𝑚
𝑏
𝐸𝑚𝑙−ℏ𝜔+𝑖𝛿
(
𝑗𝑚𝑛
𝑎,𝑠𝑖𝑣𝑛𝑙
𝑐
𝐸𝑚𝑛+𝑖𝛿
−
𝑣𝑚𝑛
𝑐 𝑗𝑛𝑙
𝑎,𝑠𝑖
𝐸𝑛𝑙+𝑖𝛿
)𝑚𝑛𝑙 , 
in Figure 2(c-d) for 𝜎𝑥𝑥
𝑥,𝑠𝑧
 and 𝜎𝑦𝑦
𝑦,𝑠0
 at 𝜔 = 2.8 eV. The mirror symmetry 𝑘𝑥 → −𝑘𝑥 can be clearly 
observed.  
Bilayer Anti-ferromagnetic 𝐌𝐧𝐁𝐢𝟐𝐓𝐞𝟒 . Next, we study the bilayer AFM MnBi2Te4 
(MBT)38,39, where large NLO charge current has been reported40,41. Each single layer of MBT is 
composed of a septuple atomic layer (SL) in the sequence of Te-Bi-Te-Mn-Te-Bi-Te. In each SL, 
the Mn atom possesses magnetic moments ~5 𝜇B, and two SLs are in-plane ferromagnetically 
coupled. The bulk MBT is van der Waals (vdW) stacked SLs, which is an AFM topological 
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insulator, and the AFM nature persists when MBT is thinned down to multiple atomic layers. In 
particular, bilayer MBT is a compensated AFM insulator, whose atomic structure is shown in 
Figure 3(a). The ground state magnetic moments are pointing along the 𝑧 direction with a magnetic 
point group of 3̅′𝑚′ . The atomic site structure of bilayer MBT is invariant under 𝒫  and the 
inversion center lies in the vdW gap between the two layers (black square in Figure 3a). However, 
when one considers magnetism, both 𝒫 and 𝒯 are broken. Nevertheless, the AFM bilayer MBT 
system is invariant under 𝒫𝒯 . Similarly, we find that 𝒫ℳ𝑥  is also preserved. According to 
previous analysis, we know that 𝒫ℳ𝑑𝑣𝑎(𝒌) = −(−1)𝛿𝑎𝑏𝑣𝑎(−𝒌′)  and 𝒫ℳ𝑑𝑠𝑖(𝒌) =
−(−1)𝛿𝑑𝑖𝑠𝑖(−𝒌′). Then, one can see that when 𝑑 ≠ 𝑖, 𝑁0𝑎𝑏𝑐  (𝑁𝑖𝑎𝑏𝑐 ) should vanish after BZ 
integration when there are even (odd) number of 𝑑 within 𝑎, 𝑏 and 𝑐. Therefore, one can still 
obtain a pure spin current in systems with 𝒫ℳ𝑑, and the nonvanishing components of charge and 
spin currents are interchanged between systems with ℳ𝑑 and 𝒫ℳ𝑑. 
The band structures of bilayer MBT with and without SOC are shown in Figure 3(b). When 
SOC effect is included, the bandgap is about 0.1 eV and is located at the Γ point, whereas it is 
Figure 3. NLO spin current of MBT (a) Atomic structure of bilayer MnBi2Te4. The atomic structure has both 
inversion symmetry 𝒫 and mirror symmetry ℳ𝑥. The inversion center is in between the two layers (black square). 
The magnetic momentum is indicated by the red arrows. Considering magnetism, both 𝒫 and ℳ𝑥 break. (b) Band 
structure of MBT with (black) and without (red) SOC. (c-d) The NLO spin and charge photoconductivity of bilayer 
MnBi2Te4 with SOC. Both spin and charge currents have nonzero components and exhibit complementary behavior. 
(e-f) The NLO charge conductivity without SOC. The spin up and down states are treated separately. The 
photoconductivity from spin up and down states are exactly opposite to each other. Therefore, the total charge 
conductivity is zero. But the spin-𝑧 conductivity is nonzero.  
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about 0.7 eV and is indirect without SOC. As shown in Figure 3(c-f), the SOC also makes a 
significant difference on the NLO spin and charge conductivity. When SOC is turned off, 𝑠𝑧 is a 
good quantum number. States with 𝑠𝑧 = ±1 are strictly degenerate in an AFM system and can be 
treated separately. The results are shown in Figure 3(e-f), where one can see that the charge current 
from spin up (𝑗↑) and down (𝑗↓) states are exactly opposite to each other. Consequently, the total 
charge current 𝑗𝑠
0
= 𝑗↑ + 𝑗↓  is zero. However, the total spin-𝑧  current is 𝑗
𝑠𝑧 = 𝑗↑ − 𝑗↓ and is 
nonzero. Therefore, a pure spin current without any charge current is predicted. These results are 
consistent with the those in Ref. 21, where several other well-known AFM materials such as NiO 
and BiFeO3 were studied.  
However, SOC would break the spin rotation symmetry41,42. We find that when SOC is 
included, both spin-𝑧 and charge current can be nonzero and exhibit complementary behavior 
similar to that in the case of MoS2. But since MBT has 𝒫ℳ
𝑥 while MoS2 has ℳ
𝑥, the nonzero 
components of charge and spin currents are interchanged between MBT and MoS2, which can be 
observed when comparing Figure 2(e-f) with Figure 3(c-d). Therefore, one should expect a 
nonzero charge current perpendicular to the spin-𝑧 current in the MBT system as shown in Figure 
3(c-d), which cannot be predicted without SOC effects.  
Surface States of Topological Materials. Topological materials such as topological 
insulators43–45 (TIs) and topological semimetals46,47 have attracted intense interests in the recent 
years. In TIs, the bulk states are insulating with a finite bandgap, while the surface states are 
metallic with symmetry protected vanishing bandgap, which has potential applications in 
electronic and spintronic devices. One salient feature of the surface states is the spin-momentum 
locking, which could prevent the electrons from backscattering and facilitate spin manipulations48–
50. In addition, the inversion symmetry 𝒫 is naturally broken on the surfaces, even if the bulk 
possesses 𝒫. Therefore, the NLO charge51 and spin current can be induced solely on surfaces, 
while the bulk remains silent.  
Here we take the topological crystalline insulator (TCI)52,53 SnTe as the exemplary material. 
The bulk SnTe has space group 𝐹𝑚3̅𝑚 so that is inversion symmetric, which forbids the NLO 
charge or spin currents. Here we consider the (001) surface, which has a four-fold rotational 
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symmetry and two mirror symmetries ℳ𝑥 and ℳ𝑦 (Figure 4a). The spectrum function 𝐴(𝒌, 𝜔) 
of the (001) surface is obtained with iterative Green’s function method54,55 and are shown in 
Figure 4(b-c). In Figure 4(b), 𝐴(𝒌, 𝜔) along high symmetry lines in the BZ with varying 𝜔 is 
presented, and the gapless surface states can be clearly observed. In Figure 4(c), 𝐴(𝒌, 𝜔) near  ?̅? 
point in the BZ with selected energy 𝜔 = −0.2, 0, and 0.2 eV are plotted. One can see that 𝐴(𝒌, 𝜔) 
can have significant values on the same 𝑘 -point with different 𝜔 , enabling strong interband 
transitions and significant photocurrents. In addition, the surface spin textures are plotted as black 
Figure 4. NLO spin current on the (001) surface of SnTe. (a) The atomic structure of SnTe. In the left panel the 
(001) face is painted in light green, which possesses two mirror symmetries ℳ𝑥 and ℳ𝑦. The dashed box in the right 
panel indicates the primitive cell on the surface. (b) The surface spectrum function 𝐴(𝒌, 𝜔) on high symmetry lines 
in the BZ. The gapless surface states can be observed. (c) The surface spectrum function 𝐴(𝒌, 𝜔) over the BZ for 
selected 𝜔 = −0.2, 0, and 0.2 𝑒𝑉 . 𝑘𝑥  and 𝑘𝑦  are in the unit of reciprocal lattices. The surface spin textures are 
indicated by the black arrows. Color scheme (red to green) in (b) and (c) represents surface state contribution. The 
color bars are in logarithmic scale, and the energy is offset to the valence band maximum. (d) The NLO spin current 
conductivity with 𝑥 and 𝑦 spin polarizations. Note that all charge and spin-𝑧 current components are vanishing due to 
ℳ𝑥 and ℳ𝑦. 
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arrows. The nonzero 𝑠𝑥  and 𝑠𝑦  components indicate that one can obtain spin-𝑥  and spin-𝑦 
currents. 
According to our previous symmetry analysis, under in-plane polarized light (𝑏, 𝑐 = 𝑥 or 𝑦), 
no NLO charge or spin-𝑧 current can be generated on the (001) surface. However, it is possible to 
have nonzero spin-𝑥 and spin-𝑦 currents, which is verified by our ab initio calculations. We use a 
slab model to compute the surface contributed NLO spin and charge conductivity. In order to 
distinguish the contribution from only one surface of the slab, we define a projection operator56 
𝑃𝑙 = ∑ |𝜓𝑖⟩⟨𝜓𝑖|𝑖∈𝑙 . Here |𝜓𝑖⟩  are maximally localized Wannier functions (MLWFs), and the 
summation runs over MLWFs whose Wannier centers locate on the 𝑙-th atomic layer. Then we 
replace the current operator 𝑗 in Eq. (2) with 𝑃𝑙𝑗𝑃𝑙, and the resultant conductivity can be layer 
distinguished (on the 𝑙-th layer). Note that there could have nonzero cross-terms 𝑃𝑙𝑗𝑃𝑚 (with 𝑙 ≠
𝑚) contribution, indicating the interference between the 𝑙-th and 𝑚-th layer. We test that even for 
neighboring layers with 𝑚 = 𝑙 ± 1, the contribution from 𝑃𝑙𝑗𝑃𝑚 is quite small (less than 10 %). 
Here for a conceptual demonstration of our theory, we only consider 𝑃𝑙=1𝑗𝑃𝑙=1 and calculate the 
contribution from the out-most layer. NLO spin-𝑥 and spin-𝑦 conductivities are plotted in Figure 
4(d). One can see that the maximum value of 𝜎𝑦𝑦
𝑦𝑠𝑥
 can reach 500 nm ⋅ μV/Å2 ⋅
ℏ
2𝑒
. We would like 
to emphasize that the under light field with in-plane polarization, NLO charge current is absent on 
this (001) surface, therefore a pure spin current without any charge current at all can be generated. 
Such methodology can also be used to distinguish surface and bulk states and to probe the surface 
states. 
Table 2 Mechanisms for charge and spin current generation under different symmetry conditions.  
 𝒫-conserved 
𝒫-broken  
𝒯-conserved 
𝒫-broken, 𝒯-broken 
𝒫𝒯-conserved 
𝒫-broken, 𝒯-broken 
𝒫𝒯-broken 
Charge  
Current 
No 
LPL ⟺ Shift 
CPL ⟺ Injection 
LPL ⟺ Injection 
CPL ⟺ Shift 
LPL ⟺ Shift+Injection 
CPL ⟺ Shift+Injection 
Spin  
Current 
No 
LPL ⟺ Injection 
CPL ⟺ Shift 
LPL ⟺ Shift 
CPL ⟺ Injection 
LPL ⟺ Shift+Injection 
CPL ⟺ Shift+Injection 
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Discussions. Before concluding, we would like to make some remarks. As we discussed before, 
the real and imaginary parts of Eq. (2) are conductivities under LPL and CPL, respectively. For a 
charge current in a 𝒫-broken but 𝒯-conserved system, they are the well-known shift and injection 
mechanisms. In this case, only the imaginary part of the numerator 𝑁0𝑎𝑏𝑐  contributes to the total 
conductivity, while the denominator 𝐷 =
1
 (𝜔𝑚𝑙−𝜔+𝑖/𝜏)(𝜔𝑚𝑛+𝑖/𝜏)
 can be separated into real 
Re(𝐷) and imaginary Im(𝐷) parts. The usual formulae for shift and injection current conductivity 
correspond to  𝑁0𝑎𝑏𝑐Im(𝐷) and 𝑁0𝑎𝑏𝑐Re(𝐷), respectively. On the other hand, for a spin current, 
it is the real part of the numerator 𝑁𝑖𝑎𝑏𝑐  that contributes to the total conductivity. Therefore, the 
spin conductivity under LPL and CPL should correspond to 𝑁𝑖𝑎𝑏𝑐Re(𝐷) and 𝑁𝑖𝑎𝑏𝑐Im(𝐷), which 
are injection and shift mechanisms, respectively. Therefore, the mechanisms for generating 
currents under LPL and CPL are interchanged between spin and charge currents. Particularly, in 
𝒯-conserved system, the shift mechanism for spin current should vanish under LPL, consistent 
with the arguments in Ref. 22. Similar analysis can be applied to systems with 𝒫- and 𝒯-broken 
but 𝒫𝒯-conserved40,42, and the results are listed in Table 2. Finally, for a system with neither 𝒫, 𝒯 
nor 𝒫𝒯, there are no symmetry constraints anymore and both shift and injection mechanisms can 
induce spin and charge currents under LPL and CPL.  
Conclusion. In conclusion, we demonstrate a general picture of spin photocurrent generation 
with nonlinear light-matter interactions. Such bulk spin photovoltaic effect (BSPE) only requires 
inversion symmetry breaking in the crystal and is applicable to a wide range of materials and 
extended defects like surfaces, stacking faults, grain boundaries and dislocations. By symmetry 
analysis, we reveal that if the system possesses mirror symmetry or inversion-mirror symmetry, a 
pure spin current can be realized. Our theory is verified with ab initio calculations on several 
distinct material systems, and the spin current conductivity is found to be gigantic, comparable or 
even bigger than its bulk photovoltaic effect (BPVE) and circular photogalvanic effect (CPGE) 
cousins. The predicted BSPE and light induced pure spin current may find applications in next 
generation energy efficient and ultrafast spintronics and quantum information processing. 
Methods The first-principles calculations are based on density functional theory (DFT)57,58 as 
implemented in Vienna ab initio simulation package (VASP)59,60. The exchange-correlation 
interactions is treated by a generalized gradient approximation (GGA) in the form of Perdew-
Burke-Ernzerhof (PBE)61. Core and valence electrons are treated by projector augmented wave 
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(PAW) method62 and plane-wave basis functions, respectively. For DFT calculations, the first 
Brillouin zone is sampled by a Γ-centered 𝒌-mesh with grid density of at least  2𝜋 ×  0.02 Å−1 
along each dimension. The DFT+U method is adopted to treat the 𝑑 orbitals of Mn atoms in MBT 
(𝑈 =  4.0 eV). The maximally-localized Wannier functions (MLWF) are generated with the Bloch 
waves from DFT calculations as implemented in the Wannier90 package63. Then a tight-binding 
(TB) Hamiltonian is constructed from the MLWF, which is utilized to calculate the NLO charge 
and spin conductivity according to Eq. (2). The 𝑘-mesh convergence for BZ integration is well 
tested.  
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